Ice core data are combined with Regional Atmospheric Climate Model version 2 (RACMO2) output to develop a reconstruction of Greenland ice sheet net snow accumulation rate,Â t (G), spanning the years 1600-2009. Regression parameters from regional climate model (RCM) output regressed on 86 ice cores are used with available cores in a given year resulting in the reconstructed values. Each core site's residual variance is used to inversely weight the cores' respective contributions. The interannual amplitude of the reconstructed accumulation rate is damped by the regressions and is thus calibrated to match that of the RCM data. Uncertainty and significance of changes is measured using statistical models.
Introduction
It is well known that ice sheet mass balance exerts a significant influence on global mean sea level. This mass balance is between net snow accumulation and mass losses from surface and basal melting and from glacier ice discharge. Given that net snow accumulation is the only net mass input, it is important for ice sheet mass balance models to have accurate depictions of the spatial and temporal ice sheet accumulation rates. Another important question is whether the Greenland ice sheet is accumulating more snow due to climate warming.
Greenland ice sheet accumulation maps have been based on multiyear average spatial distributions of ice/ firn cores and coastal precipitation records (Ohmura and Reeh 1991; Calanca et al. 2000; Bales et al. 2001a,b; Cogley 2004; Bales et al. 2009 ). McConnell et al. (2001) mapped the annual time variation of accumulation for the southern ice sheet, finding high spatial and temporal variability. Global climate model simulations of precipitation around Greenland (e.g., Ohmura et al. 1996 ; Thompson and Pollard 1997; Wild and Ohmura 2000) produce insight into possible future accumulation increases but are challenged in resolving extremes over the narrow southeastern ice sheet (e.g., Walsh et al. 2008) . Atmospheric reanalyses are found to capture snow accumulation temporal variability over Greenland, when compared with ice cores (Hanna et al. , 2006 (Hanna et al. , 2011 . Higher-resolution regional climate models have been used to examine Greenland accumulation (e.g., Dethloff et al. 2002; Kiilsholm et al. 2003; Box et al. 2004 Box et al. , 2006 Box 2005; Fettweis et al. 2008; Aðalgeirsdó ttir et al. 2009; Ettema et al. 2009; Rae et al. 2012) . Accurate representation of model terrain elevation is essential in realistic simulation of accumulation (Box and Rinke 2003) . Increasing model horizontal resolution shifts peak accumulation closer to the coast (Lucas-Picher et al. 2011) . Burgess et al. (2010) added spatial and temporal resolution to Greenland ice sheet accumulation through a fusion of firn cores, precipitation data from meteorological stations, and precipitation rate calculations from the fifth-generation Pennsylvania State UniversityNational Center for Atmospheric Research Mesoscale Model (MM5) modified for polar climates (Polar MM5). The highest variability in accumulation rate is found on the southeast ice sheet and at elevations where few ice cores have been drilled. In effect, an area corresponding with roughly half of the ice sheet accumulation total is solely represented by the climate model. Ohmura and Reeh (1991) , Chen et al. (1997) , and Hutterli et al. (2005) identify an important relationship between Greenland precipitation and cyclonic activity. Alternating eastern versus western slope accumulation variability was identified by Burgess et al. (2010) and is consistent with Rogers et al. (2004) , who distinguish lee cyclones from ''Icelandic'' cyclones, as they produce opposite precipitation effects over the ice sheet. Regional accumulation trends are found to be temporally and spatially variable (Mosley- , as is the influence of North Atlantic atmospheric circulation on accumulation (Mosley- Thompson et al. 2005) .
The 1958-2007 average ice sheet annual accumulation rate after Burgess et al. (2010) was found to be ;70 Gt larger than for estimates obtained previously, the discrepancy being largely due to Polar MM5 data including regions of orographic precipitation enhancement around the ice sheet periphery. The discrepancy in the southeast was also noted by Ettema et al. (2009) . Wake et al. (2009) (Hanna et al. 2005 (Hanna et al. , 2011 .
To better understand the spatial and temporal variability of Greenland ice sheet accumulation, the reconstruction methodology of is refined and applied to a set of 86 ice core accumulation records. Our analysis produces a spatial grid of annually resolved accumulation reconstruction spanning the period of available core data, here year 1600 and onward. The fundamental goal is to reconstruct the spatial and temporal patterns of net snow accumulation, especially before 1958 when high-resolution regional climate model output remains unavailable. Uncertainty is quantified here using a statistical analysis of residuals from the regressions upon which the reconstruction is based. The time dependence of the net snow accumulation is reassessed for the ice sheet as a whole and regionally. The regression model is used to establish the certainty in the reconstruction. The resulting accumulation reconstruction is compared with regional and hemispheric climate parameters.
Data a. Snow accumulation from ice cores
Annually resolved accumulation rate data were obtained from 86 ice cores ( Fig. 1 ; Table 1 ). The accuracy of these data is affected by wind-driven snow redistribution, melt and vapor diffusional vertical redistribution of chemical species, dating errors, and measurement uncertainties (Mosley- . The number of ice core records available for the reconstruction in year 1600 is 6. By year 1700, the number of available cores is 13; by 1750 it is 21 cores; by 1800 it is 31 cores; by 1850 it is 34 cores; and by 1900 it is 36 cores. The number increases to a maximum of 72 cores during 1986-88 (Fig. 2) . While there are 86 cores available during the period 1600-2009, many of them are for shorter periods. The spatial distribution of the ice core dataset is broad, providing some data in different topographic basins, even before year 1800 (Fig. 1). b. Regional climate model output
1) POLAR MM5
Output from MM5, modified for use in polar regions Cassano et al. 2001) , is one of two climate model outputs used in this study. In the 24-km horizontal grid resolution model configuration used here, Polar MM5 is reinitialized once per month and updated every 6 h at the lateral boundaries using 2.58 horizontal resolution 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) ReAnalysis (ERA-40) data for 1958 -hourly ECMWF operational analyses are used to initialize Polar MM5. Thus, these data span a 51-yr period, 1958-2008. We used 3-hourly model output to produce annual total precipitation grids. Precipitation was converted into net snow accumulation rate by warping the grid through average ice core values, after Burgess et al. (2010) , implicitly accounting for the 10%-20% mass loss from surface and blowing snow H 2 O gas flux (Box and Box et al. 2006; Mernild et al. 2008; Ettema et al. 2009; Lenaerts et al. 2012a,b) .
2) RACMO2
The Regional Atmospheric Climate Model version 2 (RACMO2) (Van Meijgaard et al. 2008 ) combines the dynamical parameterizations from the High-Resolution Limited-Area Model (HIRLAM; Undé n et al. 2002) with the physics package of the ECMWF model. The polar version of RACMO2 has previously been used to assess the climate and surface mass balance of the ice sheets of Antarctica ( Van de Berg et al. 2006; Lenaerts and van den Broeke 2012) and Greenland (Ettema et al. 2009 ; Van den Broeke et al. 2009; Van Angelen et al. 2011) . The model has an interactive snowpack that allows for meltwater retention, refreezing, and runoff. The drifting snow scheme of Dé ry and Yau (1999) is interactively coupled to the RACMO2 boundary layer scheme to calculate drifting snow transport and sublimation (Lenaerts et al. 2010) . Every 6 h, RACMO2 is forced at its lateral boundaries by ECMWF reanalyses, ERA-40 (1960-88) and the ECMWF Interim ReAnalysis (ERA-Interim; 1989 . Thus, these data span a 51-yr period, 1960-2010. These forcings are interpolated toward true model resolution (11 km) in the relaxation zone at the edges of the 11-km domain. Accumulation data from RACMO2 used here are set equal to precipitation minus surface water vapor flux (i.e., evaporation/sublimation).
c. Interpolation
The accumulation rate grids for Polar MM5 and RACMO2 are resampled to a 5-km equal area grid using bilinear interpolation (http://nsidc.org/data/modis/ ms2gt/). The finer grid facilitates colocating of point data for model error assessment and calibration. Choosing a finer resolution grid than 5 km was excluded because of limits in available computational resources.
d. Ice sheet mask
Classification of the grid cells as permanent ice, land, ocean, and mixed ''pixels'' is made using 1.25-km is less than 0.1. When the 1.25-km grid is interpolated to 5 km using a ''nearest neighbor'' basis to quantify how much mixing of the grid cells by land takes place, it is possible to define a ''fuzzy'' mask that quantifies the mixing of land and ice using a value between 0 and 1. As such, selection of a mask threshold to represent the average case of permanent ice partially addresses the subgrid issue while maintaining the ability to accurately determine the mass flux. Based on this classification, our best estimate of the permanent ice covered area tuned to match permanently glaciated areas reported by Kargel et al. (2011) . Accumulation totals presented in this work are for the total Greenland ice area and do not partition the peripheral glaciers and ice caps.
e. Regional climate records
Northern Hemisphere surface air temperatures (SAT) (Hansen et al. 1999 (Hansen et al. , 2010 , Greenland ice sheet averaged surface air temperature data after , North Atlantic sea surface temperature (SST) (Rayner et al. 2006) , and North Atlantic Oscillation (NAO) index (Hurrell 1995) data are available with time spans that enable examining potential interactions with accumulation rates at interdecadal time scales. At the time of this study, the common period for these datasets is 126 years .
Methods

a. Regression-based reconstruction in space and time
The reconstruction method used in this study employs least squares regression parameters of the annual regional climate model (RCM) net snow accumulation rates versus annually resolved ice sheet snow accumulation rates from firn/ice cores. An overlap of at least 15 years is selected as the minimum acceptable sample size for a regression. Data from the two RCMs, Polar MM5 and RACMO2, are compared. The individual time series at each grid cell in the RCM Greenland ice sheet domain is regressed on the concomitant time series from each core. For each ice core site, grids covering the ice sheet and containing the regression summaries-that is, number of (x, y) pairs, intercept, slope, correlation, sum of squares of the regressor (i.e., core) values, and residual variance-are stored for later use by the reconstruction algorithm. All regressions are carried out assuming errors are spatially and temporally independent; future research may investigate the role of spatiotemporal statistics.
The RCM data are set as the explanatory (i.e., dependent, or y) variable, and the in situ records from ice cores are set as the driver (i.e., independent, or x) of the reconstruction. This regression approach exploits the respective strengths of the data: the complete spatial coverage of the climate model output and the generally longer duration of the ice core records. It is similar to the approach that used for surface air temperature reconstruction. However, rather than using the ''winner take all'' approach, multiple available cores are used simultaneously, with each site's variance of the estimated mean accumulation used to inversely weight their respective contribution to the reconstructed value.
We are estimating a mean accumulation, m t (s), indexed by year t and grid cell s that corresponds to rectangular grid coordinates i and j. The 5-km grid used in this case has up to 301 grid cells in the i direction (nominally eastwest) and 561 cells in the j direction (nominally northsouth). See section 2d for grid cell count and ice area.
A climate model produces net snow accumulation values, Y t (s). Let the true accumulation, A t (s), have mean m t (s) and assume that the climate model gives unbiased estimates (E); that is,
For a given t (e.g., t 5 1750) and a given s (e.g., a grid cell at the ice sheet topographic summit), the estimate 
where T k is the collection of years at the kth core that overlap with the years that the climate model output is available. Here, for k 5 1, . . . , 86, s k is the location of the kth core, x u (s k ) [ c u (s k ) for u 2T k , and fc t (s k )g are all the core values at the kth core. In other words, we rename the most recent core values using the more conventional letter x. Now, we fit the linear model,
where u varies over jT k j5 N k years during the period 1960-2010 for RACMO2 and 2 means ''belongs to.'' That is, there are N k # 51 x-y points to which a regression is fitted. This results in estimatesâ(s) k and b(s) k , where the subscript k outside ofâ(s) andb(s) is used to denote the use of the kth core in the regression. Then the estimate of the mean, based on the kth regression, ism
recalling that c t (s k ) is the core value at time t at the kth core. For example, t 5 1750, s is a grid cell at the ice sheet topographic summit, and k 5 5 (i.e., the fifth ice-core, ACT-04-02). Assuming temporal independence, compute
, where
The combined estimate of m t (s) from all 86 regressions iŝ
where the weighting of each core's contribution to the estimated mean is . We estimate this withÂ
Then, assuming spatial independence,
where s t (s) 2 is given above. The standard deviation is s r (G), and an approximate 95% confidence interval iŝ A t (G) 6 1:96s t (G).
Suppose we wish to consider two times, t0 and t1, and we test the hypotheses
recalling that A t (G) [ å s2G m t (s)a is the total accumulation over Greenland at time t. We estimate A t (G) witĥ A t (G). Hence, we can test the hypotheses at the a 5 0.05 significance level as follows: If the confidence interval,
1/2 , contains zero, we accept H 0 . Otherwise, we conclude that there is a significant difference between the mean accumulation at ice sheet grid cells at time t1 compared to that at time t0. The p value is the probability that the test statistic is more extreme than its observed value, calculated assuming H 0 is true. Thus, (1 2 p)100% expresses a ''level of confidence'' that the trend is nonzero.
b. Time series analysis
To identify and illustrate interdecadal fluctuations, and because individual years have greater uncertainty, Gaussian-weighted running-mean filters are used to smooth the time series. We consider 11-and 21-yr filters with 2.5-and 4-yr standard deviations, respectively. For the 5 or 10 yr (respectively) of the time series' beginning or end, the tail of the Gaussian filter (or ''boxcar'') is truncated by one year for each year approaching the end of the series, until the sample represents a trailing (leading) mean of 5 or 10 yr at the end (beginning) of the time series, respectively. In the 21-yr case, the standard deviation of 4 yr and the interval of 21 yr is chosen so that the filter includes a decade on either side of the time point of interest, and 20 /4 5 5. The 11-yr smoothing is roughly consistent with that of the Andersen et al. (2006) ''common record'' from five accumulation records, hereafter ACR t .
Results
a. Spatial correlation patterns
Examples of the spatial correlation patterns between a time series of accumulation for the ACT-04-03 ice core and those from the Polar MM5 and RACMO2 RCM simulations indicate typical distance-decay of correlation and negative correlation in leeward topographic basins (Fig. 3) . The topographic antiphase correlations indicate the effects of storm track direction and orography (Rogers et al. 2004 ). For example, eastern coring sites capture a positive correlation signal along the eastern ice sheet and are often accompanied by negative correlation patterns west of the ice sheet topographic divide that indicate precipitation shadowing. RACMO2 data, which are output at 11-km horizontal resolution, contain more spatial detail than the Polar MM5 output at 24 km. In more cases than not, RACMO2 output also resulted in wider regions of positive correlation (Fig. 3) . From local comparison with ice cores, RACMO2 interannual variability is 22% greater than Polar MM5. RACMO2 more often than not produces higher peak correlation than Polar MM5 (Fig. 3 ). There are several exceptions when Polar MM5 data produce higher peak correlation with core data. Adding the surface water vapor flux from evaporation and sublimation slightly increases the RACMO2 correlations in the majority of cases. Adding RACMO2 snow drift divergence introduces high-frequency spatial variability that reduces correlations and is left out of the reconstruction.
b. Accumulation magnitude
RACMO2 simulates higher accumulation than Polar MM5 (Fig. 4) along the ice sheet margin in the southeast and west. The fact that RACMO2 has higher spatial resolution (11 km) than Polar MM5 (24 km) means that it is able to better resolve localized peak accumulation features. Ettema et al. (2009) attribute the higher spatial resolution of RACMO2 as the reason it simulates higher precipitation and thus accumulation rates in these topographically enhanced precipitation regions. Shallow firn cores in the vicinity of peak accumulation areas confirm this result. While Polar MM5 also captures orographic peak accumulation, its 24-km resolution underpredicts the peaks. While reconstruction results are similar between RACMO2 and Polar MM5 (not shown), because of the higher RACMO2 spatial resolution, its data are used henceforth in this reconstruction effort and not the Polar MM5.
The . This discrepancy underscores the need for a common mask used by the science community.
c. Calibration
The ability of the reconstruction to reproduce whole ice sheet annual total accumulation is checked by comparinĝ A t (G) values versus the RCM output upon which the regression is based (Fig. 5a) . The reconstructed values exhibit a significant correlation (R 5 0.727, 1 2 p . Least squares regression is accurate in reproducing the average of a dependent variable. It is, however, by construction, limited in reproducing the observed range of extreme values. The calibration factor indicates the need to reassign an amplitude increase by a factor of more than 6 because of this regression effect. The regression effect is to be expected because we are estimating the mean annual accumulation without accounting fully or directly for the year-to-year variability of the true accumulationÂ t (G). Compensating for the regression effect is straightforward using the regression-fitted slope and intercept to reamplify estimated accumulation values. By design, this amplitude coefficient, 6.38, produces an interannual range of values that is in agreement with that of RACMO2 (Fig. 5b) . A correspondence between the anomalously high accumulation years (1972, 1976, and 1996) and the anomalously low accumulation years (1971 and 1966) is evident between the RACMO2 data and the reconstruction. However, the reconstruction overpredicts year 2002's accumulation because southeast Greenland cores are more common late in the reconstruction where the 2002 anomalously high accumulation occurred (Box et al. 2005) .
Results and discussion
a. Temporal variability
Strong interdecadal cyclicity of whole ice sheet accumulation rate are evident inÂ t (G) (Fig. 6) . These are similar to ACR t (R 5 0.533, 1 2 p . 0.999). The similarity is not surprising given thatÂ t (G) incorporates the same five cores as ACR t in addition to others. While ACR t data do not indicate long-term trends by design, examples of four possibleÂ t (G) trend periods are set, either arbitrarily (1600-2009, 1700-2009, 1800-2009, and 1900-2009) or from select periods identified by visual estimation of the time series as increasing (1840-2009, 1840-1945, and 1964-2009) or decreasing (1945-68) . Over the full 410-yr period of the reconstruction, 1600-2009, a significant 12% increase (124 Gt yr 21 ) in accumulation rate is evident (Table 2) . Relatively strong changes are evident, for example in the periods 1945-68 and 1968-96 . There is some evidence of an increasing accumulation rate trend (an acceleration) after the trendless 1800s (Fig. 6 , Table 2 ). The 1840-1996 trend is 30% higher than the 1600-2009 trend.
b. Periodic variability
Before the regional source of the apparent trends is considered, the apparent interdecadal cyclicity is examined using a Morlet wavelet analysis (Torrence and Compo 1998) sensitive to periodicity and its possible temporal variability. An ;30-yr cyclicity around year ;1700 that decreases to under 20 yr after year 1850 is evident in both ACR t andÂ t (G) (Figs. 7a,b) . Another cyclicity is consistent among the two time series before 1800, centered at ;12 yr. Shorter-period cyclicity is also evident inÂ t (G) at this time because theÂ t (G) values have annual resolution, whereas this signal is not evident in ACR t since it is based on a 10-yr running statistic. Cyclicity in the interdecadal variations ofÂ t (G) suggests the influence of an atmospheric teleconnection such as the NAO, discussed later.
c. Spatiotemporal variability in the reconstruction
According to linear regression, the greatest long-term changes in estimated accumulationm t (s) occur in southeastern Greenland (Fig. 8a) . The change relative to the average over that period reveals a complementary picture (Fig. 8b) . Since 1840, coinciding roughly with the end of the Little Ice Age, DÂ t (G) increases are widespread in northern, southwestern, and southeastern areas. The 1945-68 overall decline (Fig. 6 ) is concentrated east of the topographic divide and is accompanied by net increases across the northwestern ice sheet (not shown). Examining several different trend periods (not shown), the sign of DÂ t (G) alternates along the eastwest axis of the ice sheet topographic divide, which is consistent with earlier findings (e.g., Burgess et al. 2010) .
While the localized negative anomaly in DÂ t (G) at the extreme southeastern ice sheet suggests a complex pattern, it is not a significant change above (1 2 p) 5 0.8. From a strict statistics perspective, Fig. 8 is better thought of as a visualization of accumulation changes over time that may be used for hypothesis generation, rather than providing the ability to infer highly localized FIG. 6 . Time series of total Greenland ice sheet snow accumulation based on the RACMO2 regional climate model and our statistical reconstruction. The annual reconstruction totals are smoothed with an 11-yr Gaussian filter to emphasize interdecadal variations. A light gray area indicates the 1.28s uncertainty envelope corresponding to 80% confidence. Green dashed lines indicate trend fits for a selection of periods (see Table 3 ) based on the unsmoothed totals. The right vertical axis is for the Andersen et al. (2006) data, which are normalized, offering values between zero and 1. spatial changes. One should not read too much into the detail of the maps because of the issue of spatial dependence, and this is technically not a spatial statistical reconstruction model.
d. Regional correlation
In the 121-yr period of common overlap (1880-2005) betweenÂ t (G) and a number of other regional climate data series, colinear variability correlations suggest climate interactions (Fig. 9) . In the 1880-1939 period,Â t (G) is found to correlate, in absolute value, in excess of 0.65 with winter North Atlantic Oscillation (NAO:DJFM t ), North Atlantic SST (SSTNA t ), and Northern Hemisphere near surface air temperature (SATNH t ) but not with local Greenland ice sheet near-surface temperature (SATG t ) after the Box et al. (2009) ( Table 3 ). In the subsequent 1940-80 period, the absolute value of the correlation ofÂ t (G) with NAO: DJFM t remains high but flips in sign. We find a strong negative correlation betweenÂ t (G) and NAO:DJFM t in the 60-yr period, 1880-1939, which can be compared to a strong positive correlation in the 41 yr spanning 1940-80. The sign of the correlation of NAO:DJFM t withÂ t (G) reverses four times in the 1880-2005 period, as illustrated by shaded areas in Fig. 9b . We do not find a clear explanation for the flip in correlation between 1880-1980, even after examining composites in mean sea level pressure and 500-hPa geopotential heights for extreme positive and negative NAO values (not shown).
In this period, a correlation above 0.47 with SATNH t is maintained, and a positive SATG t correlation is observed (Table 3) . It is clear that multidecadal phase differences (Fig. 9a) degrade these correlations. For example, SATG t leadsÂ t (G) by approximately 10 yr in the 1920s; thenÂ t (G) leads SATG t by approximately 20 yr after 1960. Correlations tend to increase with averaging interval as the influence of phase differences is damped.
Incidentally, the SATG t versus SSTNA t or SATNH t correlations remain positive over this 101-yr (1880-1980) period and SSTNA t consistently correlates highly with SATNH t . A consistent negative correlation between NAO:DJFM t and SSTNA t is evident.
e. Temperature sensitivity
Numerous studies find some evidence of an increase in Arctic precipitation rates with increasing air temperatures. A twentieth-century Arctic-wide precipitation increase of ;1% decade 21 is reproduced by observationally constrained model simulations of twentiethcentury climate (Kattsov and Walsh 2000; Paeth et al. 2002) . There is evidence in these studies of the largest increase occurring from the 1920s to the 1940s, a period that is marked by ice sheet warming Regarding the explicit accumulation sensitivity to air temperature, Gregory and Oerlemans (1998) . This result does not mean that high temperatures cause high accumulation through the Clausius-Clapeyron effect locally. In fact, the correlation ofÂ t (G) with local ice sheet temperatures after is low. The implication is that the nonzero and positive accumulation sensitivity to Northern Hemisphere near-surface air temperatures are connected via the advection of distant air masses that contain more moisture in a warmer hemispheric environment.
Conclusions
Long-term Greenland ice sheet accumulation rate reconstruction is enabled by combining available ice core records and independent regional climate model outputs in ways that exploit their respective strengths in temporal and spatial coverage. While Polar MM5 produces similar spatial patterns of accumulation with ice cores as does RACMO2, the latter is used to represent the spatial distribution of accumulation rates because of its higher spatial resolution.
The correlation between ice cores and regional climate model gridded accumulation rates exhibits distinct distance-decay patterns and antiphase correlation patterns across topographic divides.
Our reconstruction suggests that since the 1600s, Greenland ice sheet accumulation rates have increased. The estimated mean accumulation rate in the most recent 170 years (1840-2009) is 30% greater than the estimated mean accumulation rate in the 410 years since 1600, suggesting an acceleration in accumulation rate.
The correlation of reconstructed accumulation rates with the Northern Hemisphere average surface air temperature 
